Cross fractures are well developed in the Upper Triassic Yanchang Formation in the Ordos Basin. According to the data on outcrops and cores and to our mechanical experiments, the origin of these cross fractures is discussed and their influence on petroleum exploration and development is analyzed. Four assemblages of fractures were formed in the Upper Triassic Yanchang Formation within the Ordos Basin. But in a certain place, there are generally distributed two assemblages of cross fractures, i.e. E-W and S-N fractures, at the center of the basin, and NE-SW and SW-SE fractures in the southwest of the basin. Fractures here are mainly high-angle shear fractures that are nearly vertical to the beds that were formed during the Yanshan (135Ma) and Himalayan (65-23.3Ma) periods due to horizontal tectonic compression, deep burial and intense uplift or denudation. The rock anisotropy is the prime reason for impacts wrought on the development of different assemblages of cross fractures in some geological periods, which usually restricts the development of one assemblage of conjugate shear fracture. Theoretically, there should have been formed two assemblages of shear fractures in either tectonic period, and there should have developed four assemblages of shear fractures here. But, due to the effect of a strong rock anisotropy, in each period developed only one assemblage of fracture. Thus two assemblages of cross fractures are usually developed in each part of the Ordos Basin at present. The cross fractures are important pathway system for oil migration in the low-permeability sandstone reservoirs of the Upper Triassic Yanchang Formation. At the same time, they also serve as main channels for fluid flow during the water-injection development process and impact the development of such reservoirs.
GEOLOGIC SETTING
The Ordos Basin is located in the of the Luliang Mountains and east of the HelanLiupan mountains in central China. It is separated from the Qin Mountains by the Wei River graben in the south, and some distance from the Yin Mountains near the Hetao graben in the north (Fig. 1) . The basin in which fault and fold are not developed is a smooth monocline with an east-to-west dip of less than 1˚, and in which there are Palaeozoic, Mesozoic and Cenozoic sedimentary strata Sun et al., 2009) . Two of them are petroliferous and of the Palaeozoic marine facies and the Mesozoic continental facies. Palaeozoic strata here are major layers in which large natural gas fields are formed, while Mesozoic strata here are important continental hydrocarbon generation beds and sandstone reservoirs of ultra-low permeability. Abundant oil resources are enwrapped in the Upper Triassic Yanchang Formation that belongs with a lake deltaic sedimentary system with a thickness of 1000-1500m. B stand for the study area in the southwestern basin.
The Upper Triassic Yanchang Formation is the main reservoir in the Ordos basin. The reservoir lithology is chiefly of fine and middle grains of lithic arkose. The next are fine and middle grains of feldspathic litharenite and fine and middle grains of arkose. The storage space consists chiefly of primary pores and secondary pores, including intergranular pores, feldspar solution pores, lithoclast solution pores, zeolite solution pores, debris solution pores, intercrystal pores and micro-fractures. The porosity of reservoirs here is commonly about 10% and the permeability is generally 0.1-10.0md. Thus they are typical ultra-low permeability sandstone reservoirs with a high anisotropy and abundant fractures. These fractures are the effective storage space and the major transport channels of fluid flow, thus having an important impact on oil exploration and development.
DISTRIBUTION CHARACTERISTICS OF THE CROSS FRACTURES
According to the outcrops and cores oriented by paleogeomagnetism, there are four assemblages of fractures distributed in the E-W strike, the NW-SE strike, the S-N strike and the NE-SW strike in the Upper Triassic Yanchang Formation. But in some part, we often see two assemblages of cross fractures, for instance, the E-W and S-N fractures parallel to the strike and dip of the strata at the center of the Ordos basin, and the NE-SW and NW-SE fractures oblique to the strike and dip of the strata in the southwest of the Ordos basin (Fig. 2) . Cross fractures here are distributed widely and regularly, on a big scale, with a wide spacing and a relative steadiness of occurrence. They extend afar and can form a good fracture network system. In view of the fracture distribution observed in the outcrops of the Yan'an, the E-W and NW-SE fractures are of the biggest scale and extend farthest, whose lengths usually exceed the scope of outcrops. The S-N and NE-SW fractures are both restricted by the former two assemblages of fractures and terminate on their surfaces. In a local part, we also can see S-N and NE-SW fractures that respectively cut E-W and NW-SW fractures (Fig. 3 a, b, c) . Fractures here are generally of an en échelon array and have such phenomena as a turn round or lozenge branches or a lozenge link at the tail's tip (Fig. 3d) . Even the E-W and NW-SE fractures or the S-N and NE-SW ones are tracing tension-fractures (Fig. 3e, f) . It shows that the E-W and NW-SE fractures and the N-S and NE-SW ones are both conjugate shear fractures formed at two stages of different tectonic stress fields. The maximum principal compressive stress in the early stage was NWW-SEE orientated, in the late stage, NNE-SSW oriented (Fig.  4) . The stress intensity in the early stage was greater than that in the late stage. The maximum principal compressive stress orientations at two stages are respectively corresponding to the Yanshan and Himalayan periods (Zeng et al., 2007) .
Fractures are controlled by layers (Ladeira et al., 1981; Huang et al., 1989; Narr, 1991; Narr and Supple, 1991; Helgeson et al., 1991; Rives et al., 1992; Wu et al., 1995; John et al., 2002; Zeng, 2006) . Fractures here are generally perpendicular to the bedding and have a good spacing within one layer (Fig. 5 ). In the range of a definite thickness, the average fracture spacing increases linearly with the bedding thickness (Zeng and Li, 2009) . That is, under the same condition, fractures developed better in the bedding of a small thickness than in that of a big thickness. When the bedding thickness is more than three meters, fractures are not developed any more. 
ORIGIN OF THE CROSS FRACTURES 3.1. Geological analysis
Cross fracture is of an ordinary type of development in the approximately horizontal strata of sedimentary basins. The distribution characteristics of cross fractures accord with the regional fractures (Lorenz et al., 1991a (Lorenz et al., , 1991b Nelson, 1985; Zeng et al., 1999) . At present, the origin of cross fractures or regional fractures in sedimentary basins is not known yet. The possible origins include the flexure of the upper lithosphere, earth's tidal fatigue, reactivation of faults in the crystalline basement, etc (Babcock, 1973; Aguilera, 1980; Hancock et al., 1984; Nelson, 1985; Bevan et al., 1986; Lorenz et al., 1991a Lorenz et al., , 1991b Gross, 1993; Bai et al., 2000; Alber et al., 2001; Bahat et al., 2003; Memarian et al., 2003) , but they have not been proved up till now. According to their distribution characteristics and their geological setting, cross fractures in the Ordos Basin were formed during horizontal tectonic compressions accompanied by early deep burial and late uplift and denudation, owing much to a strong terrane anisotropy. The terrane anisotropy is the main factor for impacting the development of fractures of different strikes (Zeng et al., 2008) . When the tectonic differential stress (∆σ=σ 1 -σ 3 ) is less in one district in particular, the terrane anisotropy even can become a dominant factor. The terrane anisotropy impacts the development of fractures here through the anisotropy of rock mechanical property. For example, from the rock mechanical experiment on fractures of different orientations at the same position and the same stratum in the southwest of the basin, due to the difference of rock structures and structural orientations, which is caused by sedimentation, the rock mechanical property of different orientations changes obviously, and the rock cohesion and shear strength in the NE-SW and NW-SE orientations are obviously less (Fig. 6) . The rock cracking occurs easily on softer planes with the least resistance or stress concentration, so in the orientations with the least rock strength it is also easy for fractures to form. The stress state of the rock in the basin is expressed as follows (Narr and Currie, 1982) :
where the effective stresses in the x-, y-and z-directions at the depth Z are ∆x, ∆y and ∆z (MPa); the average density of the overlying rock is ρ (kg.m); the gravitational acceleration is g (m.s -2 ); the temperature at the surface and at the depth Z are T 0 and T z respectively; the fluid pressure is P (MPa); the elastic modulus, Poissons ratio and thermal expansion coefficient of rocks are E, υ and α respectively; and the strains in directions x and y are e x and e y . This formula shows that the formation of fractures may be considered to be a result of the tectonic compression, burial, uplift, and the rising pore pressure and temperature.
In the late Yanshan stage (135Ma), this area was subjected to the horizontal tectonic compression of a NWW-SEE orientation and the second tectonic-thermal event, when the Upper Triassic Yanchang Formation reached the biggest burial depth and had the highest paleogeotemperature (the paleothermal gradient was 3.5-4.7 °C/100m) and the highest fluid pressure (Ren et al., 1994; Zhang, 1996; Sun et al., 1997) . Under the stress from tectonic compression and deep burial, two assemblages of conjugate shear fractures of E-W and NW-SE orientations should be formed in the Yanchang Formation (Figs. 4 and 7) . At the center of the basin, rocks of the E-W orientation, oblique to the NNE-SSW sand bodies, had the least shear strength, so fractures developed in this orientation. Fractures of the NW-SE orientation, perpendicular to the sand bodies, were restricted. In the southwest of the basin, the terrane anisotropy restrained the growth of the E-W fractures and the NW-SE fractures developed well.
In the Himalayan Stage (65-23.5Ma), the Upper Triassic Yanchang Formation underwent the horizontal tectonic compression of the NNE-SSW orientation, the third tectonic-thermal event (Ren et al., 1994; Zhang, 1996; Sun et al., 1997) , and 600-3,200m denudation during its uplift. Under the stress from tectonic compression and uplift and denudation, two assemblages of conjugate shear fractures of both S-N and NE-SW orientations should be developed in this area (Figs. 4 and 7) . But, under the influence of a terrane anisotropy, the S-N fractures, oblique to the strike of sand bodies, developed well, while NE-SW fractures, parallel to the strike of sand bodies, were restrained at the center of the Basin. In the southwest of the basin, the S-N fractures were restrained, while the NE-SW ones developed well.
Therefore, at two stages of tectonic compression, four assemblages of shear fractures could be theoretically formed in the Upper Triassic Yanchang Formation of the Ordos Basin. But, impacted by a strong terrane anisotropy, only one assemblage of shear fracture was actually formed in each stage. As a result, we can see chiefly two assemblages of cross fractures in a certain place, namely E-W fractures and S-N
fractures at the center of the basin, and NW-SE fractures and NE-SW fractures in the southwest of the basin.
Rock mechanical experiment
In order to understand the fracture development process and its relationship with the rock fabric and the orientation of the maximum principal compression stress, a series of rock mechanical experiments on anisotropic rocks from the extra low-permeability reservoirs have been made on a triaxial test apparatus. Fractures in the samples were subjected to lithology (including composition, texture and structure), stress and other geological conditions like the confining pressure, temperature and fluid pressure.
Samples are acquired from cores at the central basin, and saturated with fluid. The confining pressure (Pc) was calculated in the formula P c = σ3 = γ·Z, where γ is the bulk density of the overlying strata; Z is the burial depth. The temperature was determined in light of the geothermal gradient of four degrees every one hundred meters downward. The ratio of the loading forces was less than 8 MPa/min, that of the axial strain being 3×10 -4 /min. According to these experiments, in the scope of a certain depth, the unilateral shear fractures in one assemblage, oblique to the maximum principal compressive stress (σ1), were generally formed, and the other assemblage of conjugate fracture was not developed, since the directions of the compressive stress and the primary sedimentary fabric were not the same. Only when the directions of the compressive stress and the primary sedimentary fabric are the same can two assemblages of conjugate shear fractures be well developed (Zeng, 1998) . The crack angles of fractures are related to the rock mechanical property. According to our experiments on 25 samples, the 
GEOLOGICAL SIGNIFICANCE OF THE CROSS FRACTURES
Cross fractures are an important geological condition for the formation of the Mesozoic ultra-low permeability reservoirs in the Ordos Basin. Fractures are the main pathways for oil migration, and control the distribution of the ultra-low permeability sandstone reservoirs and enrichment rules of oil. According to the data on cores and thin slices, the mean fracture porosity is less than 0.2%, but the fracture permeability is much higher than the matrix permeability (Zeng and Li, 2009 ). Many hydrocarbon inclusions within fracture fillings are good evidence to the assumption that fractures are the main pathways for oil and gas migration. At the same time, cross fractures are also the seepage channels for fluid flow during the waterflood development of ultra-low permeability sandstone reservoirs (Peter et al., 1999; Zeng, 2004) . Under the influence of the present-day stress field, the maximum principal compression stress is the NEE-SWW orientation; the NE-SW fractures or the E-W ones with big apertures, a good connectivity and a high permeability, are dominant seepage fractures (Zeng and Li, 2009) . Therefore, the NE-SW fractures or the E-W ones are the main basis for deployment of development wells and impact the development effect of water injection (Shedid, 2006) .
CONCLUSIONS
According to actual data on outcrops, cores, thin slices and rock mechanical experiments, we have discussed the origin of cross fractures in the Upper Triassic Yanchang Formation of the Ordos Basin. The Upper Triassic Yanchang Formation in the Ordos Basin was subjected to two stages of horizontal tectonic compression, deep burial, or uplift and denudation, at which formed four assemblages of shear fractures with a high dip angle. But, due to impacts produced by the strong terrane anisotropy, only two assemblages of cross fractures have appeared in a certain place. Cross fractures are the main pathway system for oil migration, and the E-W or NE-SW fractures are the main seepage fractures for development of the ultra low-permeability sandstone reservoirs under the present-day stress field.
